This paper investigates tree scattering effects at L-band by using a first-order radiative transfer (RT) model and truckbased measurements of brightness temperature over natural conifer stands to assess the performance of the (tauomega) model, a zero-order RT solution, over forest canopies. The tau-omega model accounts for vegetation effects in terms of "effective" vegetation parameters (singlescattering albedo and vegetation opacity) which represent the canopy as a whole. This approach inherently ignores multiple-scattering effects and it thus has a limited validity depending on the level of scattering within the canopy. The fact that the scattering from large forest components such as branches and trunks is significant at L-band requires that retrieved vegetation parameters be evaluated (compared) with their theoretical definitions to provide better understanding of these parameters in the soil moisture (SM) retrievals over moderately to densely vegetated landscapes. In this paper, the tau-omega model is fitted to a first-order RT model with an "effective" albedo assuming that "effective" vegetation optical depth is same as the "theoretical" opacity [1] . The "effective" albedo is found to be less than half of the "theoretical" one, which is generally around 0.5-0.6 for tree canopies at L-band. The "effective" albedo differs from the albedo of a single forest canopy element and becomes a global parameter which depends on all the processes taking place within the canopy including multiple-scattering and ground reflection.
INTRODUCTION
For routine microwave soil moisture (SM) retrieval through vegetation, the tau-omega [2] model [zero-order Radiative Transfer (RT) solution] is attractive due to its simplicity and ease of inversion and implementation. It is the model used in baseline retrieval algorithms for several planned microwave space missions, such as ESA's Soil Moisture Ocean Salinity (SMOS) mission (launched November 2009) and NASA's Soil Moisture Active Passive (SMAP) mission (to be launched 2014/2015) [3, 4] . These approaches are adapted for vegetated landscapes with effective vegetation parameters (tau: opacity and omega: albedo) by fitting experimental data or simulation outputs of a multiple-scattering model [5] [6] [7] [8] . The model has been validated over grasslands, agricultural crops, and generally light to moderate vegetation.
As the density of vegetation increases, sensitivity to the underlying SM begins to degrade significantly and errors in the retrieved SM increase accordingly. The zero-order model also loses its validity when dense vegetation (i.e. forest, mature corn, etc.) includes scatterers, such as branches and trunks (or stalks in the case of corn), which are large with respect to the wavelength. This large scattering effect within tree canopies requires that the tau-omega model be modified in terms of form to enable accurate characterization of vegetation parameters with respect to specific tree types, anisotropic canopy structure, and presence of leaves and/or understory [9] . More scattering terms (at least up to first-order at L-band) should be included in the RT solutions for forest canopies. On the other hand, a zero-order approach might be applied to such vegetation canopies with large scatterers, but then equivalent or effective parameters would have to be used [6] . This requires that the effective values (vegetation opacity and single-scattering albedo) be evaluated (compared) with theoretical definitions of these parameters. Moreover, effective and theoretical values of vegetation parameters found in the literature are not very consistent with each other and difficult to compare due to the existing variety of methods and procedures [10] .
In a recent study [1] , the effective vegetation opacity of coniferous trees was compared with two independent estimates of the same parameter. First, a zero-order RT model was fitted to multi-angular microwave emissivity data in a least-squares sense to provide "effective" vegetation optical depth as done in spaceborne retrieval algorithms [7, 8] . Second, a ratio between radar backscatter measurements with a corner reflector under trees and in an open area was calculated to obtain "measured" tree propagation characteristics.
Finally, the "theoretical" propagation constant was determined by forward scattering theory using detailed measurements of size/angle distributions and dielectric constants of the tree constituents (trunk, branches, and needles). Results indicated that the "effective" attenuation values are smaller than but of similar magnitude to both the "theoretical" and "measured" values.
This study complements the previous work [1] and focuses on the scattering aspects of the problem by comparing effective scattering albedos obtained from two independent approaches with the theoretical scattering albedo. A first-order RT model along with truck-based multi-angular measurements of brightness temperature at Lband is used to perform a physical analysis of the scattered and emitted radiation from vegetated terrain.
The microwave data were collected over natural conifer stands located in Maryland in 2008 and 2009. Ground truth data related to forest stands and the ground were also made.
The effective albedo values are first obtained by fitting the tau-omega model with the first-order RT solution [9] while the vegetation opacity of the zero-order approach is set equal to the "theoretical" opacity. The resultant albedo is called "simulated" effective albedo. Second, effective albedo values are obtained from "measured" data as best-fit parameters that minimize the difference between measured data and the zero-order RT model results for all available incidence angles. This is called "measured" effective albedo. Lastly, the single-scattering albedo is calculated using its theoretical definition as the portion of total extinction that is due to scattering [12] . This is called "theoretical" albedo. The results show that the "simulated" and "measured" effective albedos are in a similar magnitude of each other and both are less than half of "theoretical" albedo. This reduced albedo implicitly accounts for multiple-scattering effects by balancing the scattering darkening of albedo with the first-order multiple-scattering contribution as described below.
MICROWAVE MEASUREMENTS OVER PINE TREES
The L-band microwave instrument system used in this study is called ComRAD for Combined Radar/Radiometer. The system is mounted on a 19-m hydraulic boom truck and has been developed jointly by NASA/GSFC and George Washington University. It includes a dual-pol 1.4 GHz radiometer and a quad-pol 1.25 GHz radar sharing the same 1.22-m parabolic dish antenna with 3-dB beamwidth of approximately 12º. The ComRAD's radiometer is a total power radiometer with a two-point internal calibration. The absolute accuracy and the sensitivity of the instrument are ±1 K and ±0.1 K, respectively.
The ComRAD system was deployed to a coniferous tree site at NASA GSFC's Goddard Geophysical and Astronomical Observatory (GGAO) campus in Greenbelt, Maryland, USA in 2008 and 2009. The active/passive dualpolarized microwave measurements were acquired over a natural stand of Virginia pine trees at multiple incidence angles (from 15º to 55º at 10º increments) [1, 11] . Good dynamic range of ground moisture [theta probe (TP) readings varied 0.05 -0.30 cm 3 cm -3 ] under the pine trees was encountered during the entire campaign.
The Virginia pine forest stand under investigation has an average height of 12 m and 34 m 2 ha -1 basal area with DBH (diameter at breast height) varying from 4 to 29 cm. Virginia pine is a medium sized evergreen conifer and is native to North America. The bark is thin, dark reddishbrown and is broken into shallow plates. The short needles (4 cm to 8 cm) of Virginia pine range from dark green to gray green to yellow-green and are usually twisted and in pairs.
These trees have a tendency to maintain a substructure of needleless branches (dead). The trees grow well on poor, dry soils. The forest under investigation is very homogenous, with a distinct needle litter layer over an organic humus transition layer which is lying on well drained mineral soil. The soils of the pine tree site were loamy sand, with textures varying from 57% sand, 13.6% clay to 87% sand, 3.4% clay depending on location within the site. Surface roughness was very small, with an rms roughness height < 0.5 cm.
CALCULATION OF EFFECTIVE ALBEDO
The zero-order solution (tau-omega model) represents the solution to the non-scattering RT equations, where scattering is largely ignored by setting the scattering source functions to zero [2] . In this approximation, the vegetation canopy is treated as a bulk attenuating layer and scattering effects are introduced by means of a single-scattering albedo. The tau-omega model is given by (1) where the ambient temperatures of the vegetation layer and the ground are assumed to be same, is the microwave reflectivity of the forest floor, is the vegetation transmissivity which is parameterized as where is the vegetation opacity or optical thickness and is the incidence angle. The polarization can be horizontal (h) or vertical (v). The single scattering albedo is denoted by and is given by [12] : (2) where is the scattering coefficient of the layer while represents the total absorption coefficient. This is the albedo of the average scatterer in the canopy since the canopy is composed of more than one scatterer type. It represents the fractional power scattered from the average particle.
In the case of a forest canopy, the scattering from large vegetation components such as branches and trunks is significant. The values of the composite albedos for both polarizations are generally in the range of 0.5 -0.6. This large albedo of a tree canopy leads to scatter-induced reduction in brightness temperature, and this scattering darkening effect for vegetation canopies (with large scatterers) should be balanced with a multiple-scattering contribution which is missing in (1). The multiplescattering can be calculated by combining scattering contributions through exact numerical solutions [12] , iterative methods [9] , and a matrix doubling algorithm [13] . A recent study showed that the first-order RT solution is sufficient for describing emission and scattering processes within the forest canopy at L-band and is given by [9] : (3) where the parameter denotes the additional scattering contribution to the zero-order model. It represents the emission from the ground and the vegetation layer that is single-scattered from tree trunks, branches, and needles (or leaves).
Under the assumption that "effective" vegetation opacity is the same as "theoretical" opacity [1] , one can fit the zeroorder model to the first-order model with an effective scattering albedo i.e.,
The effective scattering albedo is then obtained by: (5) Due to the last term in (5), the effective single-scattering albedo, , depends on all the processes taking place within the canopy and ground. In (5), the "theoretical" albedo,
, and vegetation transmissivity, , are calculated using the canopy parameters from destructive sampling in the scattering model, and the ground reflectivity, , is calculated by a recently developed three-layer soil model that includes a litter layer (loose debris/needles), a transition layer (organic humus), and mineral soil [11] .
The ground parameters collected approximately coincident with microwave measurements are utilized. Calculation of the first-order scattering term, , requires both vegetation and ground parameters. Fig. 1 shows both "theoretical" albedo and "simulated" effective albedo values of the conifer forest as a function of incidence angle for both polarizations. As seen from the plot, theoretical scattering albedo is around 0.6 for both polarizations and depends weakly on angle of incidence and polarization due to the horizontal orientation of primary branches, which are the main source of scattering and extinction. The "simulated" effective albedo values are in the range of 0.2 -0.3, which are less than half of the "theoretical" ones and are higher than the SMOS default albedo value of 0.1 for forest canopies. This reduced albedo accounts for multiple-scattering effects by balancing the scattering darkening of albedo with the first-order scattering contribution. The plot also indicates that effective albedo values decrease with increasing angle. This is due to the increase in the contribution of the first-order scattering with increasing angle [9] . Fig. 2 investigates the effect of ground moisture on the effective single scattering albedo. The "measured" effective albedo values are obtained from "measured" data as a bestfit parameter that minimizes the difference between measured data and the zero-order RT model results for all available incidence angles while the "simulated" albedos are calculated from (5) at incidence angles of 15° and 45°. In the calculation of "measured" albedo, vegetation parameters are taken to be independent of polarization and angle while horizontal (solid lines) and vertical (dashed lines) polarizations are considered in the simulations. The results represent the albedo values over a wide range of ground conditions, where theta probe (TP) readings varied 0.05-0.30 cm 3 cm -3 . The simulation results indicate a slight increase in effective albedo with the increase in ground moisture. On the other hand, the "measured" values seem to be independent of moisture content of ground but of a similar magnitude to the "simulated" ones.
CONCLUSION
Inversion of the tau-omega model provides "effective" values for the whole canopy whereas the formal definition of albedo refers to vegetation elements only. These values have a different meaning by definition and cannot be compared directly. The present study provided an explicit expression for the "effective" albedo after setting the vegetation opacity of the zero-order approach equal to the "theoretical" opacity. This explicit expression accounts for all the processes taking place within the canopy including multiple-scattering and ground reflection. The effective albedo is also determined as a best-fit parameter that minimizes the difference between microwave observation and the parametric model. The resultant "simulated" and "measured" effective albedos are found to be in similar magnitude but of less than half of that of "theoretical". This reduced albedo implicitly accounts for multiple-scattering effects by balancing the scattering darkening of albedo with the first-order multiple-scattering contribution.
ACKNOWLEDGEMENT
This research was supported by an appointment to the NASA Postdoctoral Program at the Goddard Space Flight Center administered by Oak Ridge Associated Universities through a contract with NASA. Fig. 2 . The "simulated" and "measured" effective albedos of Virginia pine trees are plotted as a function TP reading. Fig. 1 . The "theoretical" single scattering albedo and "simulated" effective albedo of Virginia pine trees is plotted as a function of incidence angle.
